Crumple-structured two-dimensional MoS 2 was evaluated as an essential element for future optoelectronic and stretchable devices owing to its interesting optical properties. This Letter reports the characteristics of the crumpled structure of MoS 2 directly layered on a MoS 2 sheet by chemical vapor deposition. The crumpling structure is presented as a method for selectively layering MoS 2 with crumpled layered patterning and tunable optical properties as a crumpled structure on a single substrate. Optical analysis by the fast Fourier transform revealed the distribution characteristics of the crumple structure, and a Raman, photoluminescence, and optical absorption analysis confirmed the change in peak shift and intensity according to the degree of the crumpled structure. This material has potential future optoelectronic applications.
Crumple-structured two-dimensional MoS 2 was evaluated as an essential element for future optoelectronic and stretchable devices owing to its interesting optical properties. This Letter reports the characteristics of the crumpled structure of MoS 2 directly layered on a MoS 2 sheet by chemical vapor deposition. The crumpling structure is presented as a method for selectively layering MoS 2 with crumpled layered patterning and tunable optical properties as a crumpled structure on a single substrate. Optical analysis by the fast Fourier transform revealed the distribution characteristics of the crumple structure, and a Raman, photoluminescence, and optical absorption analysis confirmed the change in peak shift and intensity according to the degree of the crumpled structure. This material has potential future optoelectronic applications. Two-dimensional (2D) molybdenum disulfide (MoS 2 ) has been studied extensively because of its excellent semiconducting and optical properties [1] [2] [3] [4] [5] . The atomically thin properties of 2D MoS 2 give it high flexibility that retains its high optical characteristics, making it suitable for flexible electronic devices [6, 7] . The stretchable characteristics of 2D MoS 2 beyond the bending characteristics, such as wrinkles and crumples, have been studied for applications to flexible electronic devices [8] . Crumples can be applied to tunable surfaces, electronics, and optoelectronics [9] , because they can modify the electronic and optical characteristics due to the atomic strain of MoS 2 [10] .
Unlike graphene, which has been studied for its crumple and wrinkle properties, studies of crumpling MoS 2 used local wrinkling methods of random deposition [10, 11] . The basic characteristics of MoS 2 crumpling can be studied using the reported method, but a practical method is needed for application to the device. Therefore, there is a need to develop a general platform to pattern for 2D MoS 2 with control of the optical properties by changing the crumpling structure.
Raman and photoluminescence (PL) spectroscopy are used to examine the optical properties of MoS 2 , and the number and properties of MoS 2 layers can be determined depending on the changes in the Raman and PL peaks [12] [13] [14] . The shifts of the Raman and PL peaks according to the bending and wrinkling of MoS 2 have been reported, and these properties have been interpreted as the optical bandgap affected by the strain of the MoS 2 structure [15, 16] . Based on the change in optical properties, the optical properties of the structure need to be determined by crumpling the entire structure of layered MoS 2 . In addition, the applicability to optoelectronics needs to be examined by observing the altered properties through layer patterning. In this Letter, the optical characteristics of crumples for directly layered MoS 2 on a MoS 2 sheet by chemical vapor deposition (CVD) were examined. The crumpling structure was used as a method for selectively layered (SL) MoS 2 with (1) crumpling of the pattern and (2) tunable optical properties according to the crumpling structure.
A selective surface treatment was performed by applying oxygen plasma to the area where Mo was lifted off. A Mo mask was fully etched with wet etchant, and reacted with MoO 3 and S by CVD to produce MoS 2 on the surface of layered MoS 2 with a high surface energy (600 s treatment time). Selectively grown MoS 2 was synthesized in a multi-zone furnace (SNTEK) equipped with a 1 in diameter quartz tube. MoO 3 powder (Sigma-Aldrich, 0.8 mg) and sulfur powder (Sigma-Aldrich, 350 mg) were placed into Al 2 O 3 -coated boats in each hot center. A 300 nm thick SiO 2 layer was grown thermally on a highly doped a p-type Si wafer and placed face-down on the boat in the middle of the zone. The pressure of the quartz tube was 1 Torr of Ar. The growth procedure is as follows. The material was heated for 1 h at 150°C with 500 sccm of Ar to remove any organic contaminations on the surface. The temperature was then ramped to 850°C at 15°C/min with 10 sccm of Ar for the second zone. The material was heated at 850°C for 10 min, and 150°C at 10°C/min with 10 sccm of Ar for the third zone. The material was cooled to 400°C with 10 sccm of Ar. Finally, the furnace was opened and 500 sccm of Ar was flowed for rapid cooling. Raman and PL (Horiba Aramis LabRAM) spectroscopy was carried out using a laser excitation energy of 532 nm with an estimated laser spot size of 1 μm, and The operating bandwidths of 532 nm laser are 0.2-0.3 nm; the Si peak at 520 cm −1 was used for calibration. The Raman results were obtained using a ×100 scale objective, 600 grooves/mm grating. The thickness and surface morphology of the MoS 2 were characterized by atomic force microscopy (AFM, Park Systems), scanning electron microscopy (SEM, JEOL), and optical microscopy (OM, LV100D, Nikon). The fast Fourier transform (FFT) outputs of the crumpled structures were calculated from the SEM images using GATAN software. A scanning transmission electron microscopy (STEM) image was obtained on Cs-STEM (JEM-ARM200F). The experimental results enabled the acquisition of high-angle annular dark-field (HAADF) images and selected area diffraction (SAED) pattern.
Figure 1(a) shows the experimental process by thermal CVD for the synthesis of MoS 2 . A partial O 2 plasma treatment on SiO 2 prior to MoS 2 deposition allows MoS 2 to grow selectively [17] . MoS 2 was also deposited on the O 2 plasma-treated area depending on the MoO 3 powder quantities as a synthesis precursor. Owing to the hydrophilic nature of the selective O 2 plasma-treated surface, MoS 2 can be synthesized in thicker patterns compared to the untreated areas. The SL MoS 2 on the MoS 2 sheet could form a selective pattern using 0.8 mg of the MoO 3 powder, as shown Fig. 1(b) . To realize the crumpled structure of the MoS 2 sheet and SL MoS 2 , the grown MoS 2 was transferred from the SiO 2 ∕Si substrate to a polystyrene (PS) substrate, which was then shrunk by heating, as shown in Fig. 1(c) . To transfer the PS substrate, ethyl cellulose was used as the supporting layer, which was then removed using ethanol at 60°C [18] . Because the PS substrate shrinks due to heat, the level of shrinkage can be determined by the temperature and time; the material shrank by more than 88% at 130°C and 120 s.
Figure 2(a) shows an OM image of a MoS 2 sheet and SL MoS 2 . The MoS 2 sheet was transferred from the SiO 2 ∕Si substrate to the PS substrate, and the SL MoS 2 with a 10 μm × 10 μm square pattern had a brighter color than the surface. As shown in Fig. 2(b) , the SEM image shows a uniform surface. As shown in Figs. 2(c)-2(e), we confirmed that the heights of the MoS 2 sheet and SL MoS 2 were ∼1.5 and ∼1.8 nm, respectively, which are 2 ∼ 3 layers of MoS 2 by AFM [19] .
Figures 3(a) and 3(b) show the process of the crumpled MoS 2 sheet and SL MoS 2 shrunk by more than 80%, as well as an OM image of a crumpled structure formed by shrinkage of the PS substrate. Crumpled SL MoS 2 had a darker color than the crumpled MoS 2 sheet and formed a square pattern of 3 μm × 3 μm, which had been shrunk by more than 80%. As shown in Fig. 3(c) , the degree of crumpling (height and thickness) of the SL MoS 2 in the SEM image appears higher than that of the crumpled MoS 2 sheet.
SEM images for each zone were obtained to examine these crumpled Letter Fig. 3(d) , the boundary between the crumple structure of the MoS 2 sheet and SL MoS 2 was examined, and a clear difference in the height and thickness of the crumpled structure was confirmed. Figures 3(e) and 3(f ) present a SEM image of a crumpled MoS 2 sheet and SL MoS 2 .
The inset in Fig. 3(e) shows a FFT image calculated from the SEM images distributed in an elliptical shape. In contrast, the inset in Fig. 3(f ) shows a FFT image distributed in a symmetrical circular shape. The distribution of the crumpled SL MoS 2 was confirmed to be broader and wider than that of the crumpled MoS 2 sheet. The crumple heights of the MoS 2 sheet and the SL MoS 2 were ∼0.8 and ∼1.5 nm, respectively. This was 1.9 times higher than the height of the crumpled MoS 2 sheet [ Fig. 3(g) ]. The wrinkle wavelengths in the crumples of the MoS 2 sheet and SL MoS 2 , on average, were ∼0.1 and ∼0.2 μm, respectively, indicating that the wrinkle wavelength of the crumpled SL MoS 2 was twice that of the crumpled MoS 2 sheet. The increases in the crumple height and wavelength of the crumpled SL MoS 2 were proportional to the difference in the thickness of the MoS 2 sheet and SL MoS 2 . The roughness of the crumpled MoS 2 sheet and SL MoS 2 were 30.9, and 55.5 nm, respectively, when calculating the RMS roughness of the crumple structure from the AFM topography [Figs. 3(h) and 3(i)]. The ratio of the roughness values of the two crumple structures was 1:1.8, confirming that the ratio according to the layer increased linearly.
The crumpling of MoS 2 through shrinkage of the PS substrate can be analyzed by the FFT image, which can confirm not only the degree of crumpling, but also the directionality of the crumpling [20] . Figure 4(a) shows the rate at which the PS film shrinks from 100°C to 180°C and 120 s for FFT image analysis. The PS films began to shrink from 110°C to 15%, and contracted 120°C to 44%, 125°C to 58%, and 130°C to 88%. The samples produced at 120°C, 125°C, and 130°C were compared because a clear crumpling image was obtained at 120°C. As shown in Figs. 4(b)-4(d) , the degree of crumpled SL MoS 2 on the PS substrate increased with increasing temperature (120°C, 125°C, and 130°C) , showing progressive shrinkage of 44%, 58%, and 88%, respectively. The FFT image generated by the SEM image of the 44% crumpled MoS 2 showed the longest apsidal line of the ellipse [inset in Fig. 4(b) ]; the FFT images of the 58% and 88% crumpled MoS 2 showed a more symmetrical circular shape [inset in Figs. 4(c) and 4(d) ]. The FFT converts information from the original data of the SEM image to the theoretically defined frequency data of a FFT image [21] .
The resulting FFT image is represented by grayscale or temperature scale pixels distributed in a mathematical pattern that reflects the degree of MoS 2 crumpled points converted from the original data image. The FFT image shows a wider spread, as the crumple heights increase in Figs. 3(e) and 3(f ) , and a symmetric circular shape was formed, as the X axis (dashed black line) and Y axis (dashed red line) of the samples were crumpled uniformly by the shrinkage of the PS substrate, as shown in Figs. 4(b)-4(d) . The symmetric circular shape of FFT image shows that the crumpling structure of MoS 2 is not polarized.
Raman spectroscopy provided strong evidence for the atomic tensile and compressive strain due to the crumpling of MoS 2 . Figure 5(a) shows Raman spectra of the flat and crumpled structures of SL MoS 2 using a 532 nm laser with a 1 μm radius. The change in E peak was larger than that of the A 1g peak, which can be interpreted as softening of the MoS 2 atom vibration due to the atomic strain of the MoS 2 structure by the crumpling structure [22] .
PL measurements were carried out to confirm the optical effect of the crumpled and flat structure, as shown in Fig. 5(b) . The PL measurements were performed with SL MoS 2 , crumpled SL MoS 2 , and crumpled MoS 2 sheet. Multiple peaks were observed at the PL spectrum (600, 660, 720, and a long tail up to 800 nm). Since MoS 2 generally indicates A exciton and B exciton emission, the PL peaks show peak information of the A exciton and B exciton [23] . However, a right shoulder peak was observed, in addition to these peaks, and a long tail was seen as another peak below 800 nm wavelength. The observed right shoulder peak is considered to be the A − trion peak, which is mainly observed by residual charge doping, charged impurities, impurity doping, or strain. SL MoS 2 can change crystallinity unlike conventional multilayer MoS 2 due to differences in growth method. SL MoS 2 has multiple grains by our synthesis method. This can lead to line defects, such as grain boundaries. Excitons can be charged by trapping these defects during the formation of excitons [24] . Therefore, the A − trion peak can be formed by the effect of a charged exciton [25] . In addition, a long tail that appears as another peak below the wavelength of 800 nm can also be identified as a peak induced by the defect. The PL peak intensity of the crumpled SL MoS 2 was 1.62 times higher than that of the crumpled MoS 2 sheet and 1.77 times higher than that of the SL MoS 2 . To clarify the change of the peak, the exciton peaks of crumpled MoS 2 and flat MoS 2 were investigated through additional measurement of optical absorption spectra. A exciton, B exciton, and C exciton peaks were observed, as shown in the Fig. 5(c) . When the peaks of flat MoS 2 and crumpled MoS 2 were compared, the absorbance of A, B, and C excitons were enhanced more than two times, but the shift of peaks could not be confirmed.
Since the PL emission occurs in the lower bandgap, the excitons generated by the laser move to the lower bandgap (the top of the wrinkle), for exciton recombination. After that, exciton recombination occurs in this region, and PL emission occurs. However, unlike micro-wrinkles, the change of atomic lattice position is much smaller than that of the micro-wrinkle in a nano-wrinkle. It can be interpreted that the shift of the PL peak does not occur due to the lack of the structural effect necessary for changing the bandgap. In terms of PL enhancement, when it is wrinkled, the surface area increases, and large surface area information are measured. The nano-wrinkles of crumpled SL MoS 2 have much more wrinkles than the flat SL MoS 2 , so the surface area will increase more than before. Thus, PL enhancement can be achieved because the emission energy of PL increases at the structure. As shown in Fig. 5(d) , when the crumple structure is compared with the flat structure, the overall strain of the atomic structure of MoS 2 is generated, which was confirmed as an enhancement factor of the PL characteristics. Moreover, we confirmed that some of the lattice distortions were observed in the STEM image. As in the SAED pattern, the shape is generally elliptical, rather than the regular hexagonal pattern seen in the MoS 2 lattice. Therefore, it can be seen that the atomic structure of crumpled MoS 2 is entirely strained into a tensile form where the distance of atom to atom is distant. The optical properties of MoS 2 according to the degree of crumpling can have optical applications in flexible devices, such as stretchable and textile elements.
In conclusion, MoS 2 -layered patterning on the MoS 2 sheet was performed to analyze the FFT image according to the crumpling degree, and the Raman and PL characteristics were analyzed to confirm the optical properties of the crumpling structure. As the thickness of MoS 2 increased, the height and wavelength of the wrinkles in the crumpled structure increased. The FFT image of MoS 2 revealed a symmetric circular shape as the crumples on the X and Y axes were uniform. In addition, the FFT image became broader and wider as the height of the wrinkled structure in the crumple structure of MoS 2 increased. Raman spectroscopy confirmed that the peak of crumpled MoS 2 was redshifted compared to that of the flat MoS 2 , and the PL intensity of the crumpled MoS 2 increased 1.7 fold as the thickness of crumpled MoS 2 was increased. This result can be applied to future optoelectronics, because the optical result varies according to the degree of MoS 2 crumpling. 
